We demonstrate the exceptionally-high third-order nonlinearity of integrated monolayer graphene-silicon hybrid optoelectronics, enabling ultralow power resonant optical bistability, self-induced regenerative oscillations, and coherent four-wave mixing, all at few femtojoule cavity recirculating energies.
Introduction:
The unique linear and massless band structure of graphene, in a purely two-dimensional Dirac fermionic structure, have led to intense research spanning from condensed matter physics [1] [2] [3] [4] [5] to nanoscale device applications covering the electrical [6] [7] , thermal [8-9], mechanical [10] and optical [11, 12] domains.Recently, graphene -with its broadband dispersionless nature and large carrier mobility -has been examined for its gate-variable optical transitions towards broadband ultrafast electroabsorption modulators and photoreceivers, as well as saturable absorption for mode-locking. Due to its linear band structure allowing interband optical transitions at all photon energies, graphene has been suggested as a material with large χ (3) nonlinearities [13] . Here we demonstrate for the first time the exceptionally high third order nonlinear response of graphene with a wavelength-scale localized photonic crystal cavity, enabling ultralow power optical bistable switching, self-induced regenerative oscillations, and coherent four-wave mixing at femtojoule cavity energies on the semiconductor chip platform. The structure examined is a hybrid graphene-silicon cavity (as illustrated in Figure 1a ), achieved by rigorous transfer of monolayer large-area graphene sheet onto air-bridged silicon photonic crystal nanomembranes with minimal linear absorption and optimized optical input/output coupling. This optoelectronics demonstration is complemented with recent examinations of large-area graphene field-effect transistors and analog circuit designs for potential large-scale silicon integration. Cavity-enhanced light-matter interactions in graphene are also shown in other optoelectronic devices such as transistors and detectors. . Both spectra are measured at 0.6 mW input power, with similar intrinsic cavity quality factors between the graphene and the control sample. The cavity transmissions are centered to the intrinsic cavity resonances at low power (less than 100 uW input power).c, Steady-state input/output optical bistability for the quasi-TE cavity mode with laser-cavity detuning δ at 1.5 (blue) and 1.7 (red). The dashed black line is the coupled-mode theory simulation with effective nonlinear parameters of the graphene-silicon cavity sample; d, Observations of temporal regenerative oscillations in the cavity for optimized detuning (0.11 nm). The input power is quasi-triangular waveform with peak power 1.2 mW. The grey line is the reference output power, with the laser detuning 1.2 nm from cavity resonance. Inset: Spectrum of cavity energy at below (0.2 mW, grey dashed line) and beyond oscillation threshold (0.6 mW, blue solid line) at the same detuning δ (t=0) = 0.78.
Fabrication and measurement:
The photonic crystal nanostructures are defined by 248 nm deep-ultraviolet lithography in the silicon CMOS foundry onto undoped silicon-on-insulator substrates. Optimized lithography and reactive ion etching was used to produce device lattice constants of 420 nm, hole radius of 124 ± 2 nm. Centimeter-scale graphene are grown on 25 um thick copper foils by chemical vapor deposition of carbon. Polymethyl-methacrylate (PMMA) is then spun-casted onto the graphene and then the copper foil etch-removed by floating the sample in FeNO3 solution. After the metal is removed, graphene is transferred to a water bath before subsequent transfer onto the photonic crystal membranes. Acetone dissolves the PMMA layer, and the sample is rinsed with isopropyl alcohol and dry baked for the measurements. Continuous-wave finely-tuned semiconductor lasers from 1520 to 1620 nm were used for the measurements. Lensed tapered fibers (Ozoptics) with polarization controller and integrated on-chip spot size converters are used. The output is monitored by an amplified InGaAs photodetector (Thorlabs PDA10CF, DC-150 MHz bandwidth) and oscilloscope for the time-domain oscillations. The four-wave mixing pump laser linewidth is 10 pm (~ 12 GHz). Figure 1a illustrates the graphene-cladded photonic crystal nanomembranes investigated. Transverse-electric (TE) polarization laser light is launched onto the optical cavity and evanescently coupled to the monolayer graphene. As shown in Figure 1b , the cavity transmission spectra, performed with tunable continuous-wave laser sources, shows a consistent and large resonance red-shift of 1.2 nm/mW, approximately 4× larger than that of our near-identical control cavity without graphene. We emphasize that, for the same increased cavity power on a monolithic silicon cavity without graphene, both the control experiment and numerical models show a negligible thermal red-shift of 0.1 nm/mW, for the power levels and the specific loaded cavity Q 2 /V values [of 4.3×10 7 (λ/n) 3 ] investigated here. Figure 1c shows the observed bistability at 100 uW threshold powers for a loaded cavity Q of 7,500, with cavity -input laser detuning δ of 1.5 [with δ defined as (λlaser -λcavity)/Δλcavity, where Δλ cavity is the cold cavity full-width half-maximum linewidth]. The steady-state bistable hysteresis at a detuning of 1.7 is also illustrated in Figure1c. The dashed lines show the coupled-mode theory numerical predictions of the hybrid cavity, including first-order estimates of the graphenemodified thermal, linear and nonlinear loss, and free carrier parameters. When the input laser intensity is well above the bistability threshold, the graphene-cavity system deviates from the two-state bistable switching and becomes oscillatory as shown in Figure 1d . These regenerative oscillations are formed between the competing phonon and free carrier populations, with slow thermal red-shifts (~ 10 ns timescales) and fast free-carrier plasma dispersion blue-shifts (~ 200 ps timescales) in the case of our graphene-silicon cavities.
Optical bistability and regenerative oscillation:

Optical four wave mixing in cavity:
To examine only the Kerr nonlinearity, next we performed degenerate four-wave mixing measurements on the hybrid graphene -silicon photonic crystal cavities as illustrated in Figure 2 , with continuous-wave laser input. A lower-bound Q of 7,500 was specifically chosen to allow a ~ 200 pm cavity linewidth within which the highly dispersive four-wave mixing can be examined. The input pump and signal laser detunings are placed within this linewidth, with matched TE-like input polarization, and the powers set at 600 µW. Two example series of idler measurements are illustrated in Figure 2a and 2b, with differential pump and signal detunings respectively. In both series the parametric idler is clearly observed as a sideband to the cavity resonance, with the pump detuning ranging -100 pm to 30 pm and the signal detuning ranging from -275 pm to -40 pm, and from 70 pm to 120 pm.
A theoretical four-wave mixing model with cavity field enhancement (Figure 2c and 2d) matches with these first graphene-cavity observations, through the computed cavity photon mode densities. Based on the numerical model match to the experimental observations, the observed Kerr coefficient n2 of the graphenesilicon cavity ensemble is 4.8×10 -17 m 2 /W, an order of magnitude larger than in monolithic silicon and GaInPrelated materials, and two orders of magnitude larger than in silicon nitride [14] . Independently we also modeled the field-averaged effective χ (3) and n2 of the hybrid graphene-silicon cavity. Through E-field-weighting of the inhomogeneous cross-section and finite-difference time-domain computations, the computed n2 is at 7.7 × 10 -17 m 2 /W, matching well with the observed four-wave mixing derived n2. 
